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INTRODUCTION
Recently the analogue and digital computers are frequently
used for working out complex automatic control systems,investi-

gation of the accident and start up conditions of atomic power plants

[4,5,6] .The use of computers is difficult since equations for the -
subjects under control (in particular,a reactor,heat exchangers)

are partial differential equations.

Digital computers permit partial differential equations to be
solved.Couplicated and long programming process of the problem is
a considerable disadvantage of these machines as well as their

— difficult application to the inve stigation when connecting with
real control system elements.

The preparation and treatment of machine equations being simp-
le,it is not difficult for the al,alogue computers to connect with
the real elements of control systems.Serial analogue computers (MN=7,
IMY-8, IMY=10, MH-10, MH=14, MH-8, MH-5 ) are however designed
to solve usual differential equations.The method for transformation
of partial equations with respect to three variables into non=li-
near differential equations is therefore necessary.

The simulation method of transient thermal processes in gas=-

cooled reactors on the analogue computers. As is known,brensient
heat transfer in fuel elements of the reactor in a general form can
be presented by partial equations with respect to three variables:
the radius of the fuel element,coordinates ajong the length and time.
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A metiod for averaglng ol gas und fuel elexuuu&%ﬁhe radius
and the reuactor length is necessary.to transform this equations in-
to ordinary differential equations,

dveraging the tewperature distrivution of thefuel element along
the radius can be realized after introduction of the power dependen-
e Tn(t)=a +61 +c2%4 ...

(1)

for the set of eyuations:

_0_7'_/-3 = Qv Sm o /] -
oT Cor for Sma +CM'{MSM (7;’” TI‘) <2)
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where
7?,:T,,,,T,.=mean cross-sectional temperature of fuel element and
respectively;

Trn =fuel container temperature of the gas side;

Qv =heat flux Per unit volume;

dr, G fu=heat capacity and specific weight of gas and fuel elmment
material,respectively;

1, S,.},,:chamel perimeter,cross-sectional area of gas and fuel ele-
ments;

o, = individual heat transfer coefficien“-

G = gas flow rate.

For a plane wall, § in width,with he ubernal sources anl ane-
sided heat sink with initial condition 7= S Twdy /6 and voundary con-
ditions (43} ),.,=0  ana ALY =a,(7,,-7;) \it is obtained bhat
the thermal resistance of the wall is taken into consideration in the
reduced individual heat transfer coefficient

RN -
%= 1/ %+ )

For rod-type fuel elements of the radius r The reduced indwidual
heat-transfer coefficient is as follows

x
Kp = 1/(07’; iy

where A is the thermal conductivity of the fuel element materials,
and the set of equations (2) and (3) becomes

E":.ﬂ"‘s""’ - O(”P” AT -
0T Crofou Voo Corffog e (7a=7>)
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T Aol G6 0%
27 .?%/(Tn Tr)crs, 57 (3a)

After averaglgg fuel element and gas temperatures along the ra-
dius, the heat-transfer process in the reactor, regencrator and
cooler is described by partial differential equations with respect
to two variables (tlme and the coordinate along the length)

It is necessary to find the method for determination of para-
meters along the reactor length. Averaging temperatures along the
reactor length can be presented by the relation between the mean
gas temperature and inlet and outlet temperatures

Trep = (73,0 “‘Tj)/?.

In this case ‘the core must be divided into so many scctions along
the reactor length that within a section the temperature could be
considered linear. However, the finite difference method cannot be
recommended for study of dynamics of an otomic power plant, because
in this case the sets of equation of the transient heat transfer in
the heater and reactor occupy a large part of the machine blocks.

Substitution of the set with distributed parameters by the set
with lumpdd parameters[4,5]/is the simplest and widely used method
of averaging temperatures along the reactor length. This method is
admissible at small diversion of the parameters from their nominal
values. Accuracy of the solution is uncertain in the case of great-
ly changing gas flow rate, thermal capacity of the reactor and in-
let gas temperature. When heat exchangers are presented by a set of
equations with lumped parameters in the case of great changes of
variables (start-up, heating, emergency conditions etc.) the +tran-
sient process duration is distorted; the number of peculiarities
of the heat transfer process is not taken into consideration.

The following averaging gas temperature method permits to ob-
tain an admissible accuracy of simulation with a smaller number
of n~perational amplifiers than in the case of dividing the core
into the sections when the difference method is applied [7].

Gas—cooldd reactor with rod-type fuel elements. Fig.l shows
the design diagram of the core with the rod-type fuel elements.

19 -3 -

o

Approved For Release 2009/08/26 : CIA-RDP88-00904R000100110042-3



Approved For Release 2009/08/26 : CIA-RDP88-00904R0001001 10042-3

.

The usual assumptions required for tstudying transient heat trans—
fer between gas flow in the channel and the wall of the channel,
wi®th internal sources of varisble heatiny rate are following:

l.Gas subcooling in both bottom and top reflectroes is not
accounted fore

2.Heat conducted in the wall aloag the channel 1s neglected.

3.Experimental individual heat-transfer coefficients of the
steady~state flow is used far transient processea.

4.Heat release varies according to & cosine curve along the
length of the fuel element.

With theseassumptions transient heat transfer in reactor fuel
elements is described by the following set of equations:

’ C,; r" 9, SN(COJ'II' 2A)N~.’“‘/7'(Tn'7'r) (2]3)
\ GotS: 7+c>0§{r LN (Ty=Tr)
(3b)
The channel centre is a zero reading along the length.
Initial and boundary condipions are:
z,-(/z 7;.(2"-[/2):7;/,0 at T=o
2= 6/ T.(T, €)= T;, ‘at T=o
Tr(T,~€f2)= Ty
Equations (2b),(3b) are 1ntegrated within the limits from -%
to Y2
FE d ]T(Z',.?)clz = 9,5 /Vfcosr ————%a/e——
“ —dﬂ(ﬂ?'a/z -fT 2) ®
- o502 [r ez = oc/l(f L fTo’f) GG(T: =) 7>

— B brep -8 &
' (Ve) ftﬁ(t,?)a'z'z-¢ =mean gas bGeumperature along tike
channel length; '%(’/g)_ (T 2)dz =T, = mean fuel element
temperature aldng the channel length etc.

Taking into account for these notations,equations (2b) and

(3b) become of the form:

Trscp . RGuVin £224 & v
o= gy S w g V- 255 (T 7o)
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drf-te,_, « F
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where
vy = volume of fuel elements or gas per fuel element;
F = heat transfer surface of fuel elements;

Thus for mean temperatures of the gas /re and wall 7mep o
ordinary non-linear differential equations are obtained.The analo-
gue computers can be used for their solutione.

Iet us apply integration by parts within the limits from -f?2
to % to integral of the form j T.(%,2)dz to obtain
the relation between the mean gas/ temperature T,, and the inlet
7}/, and outlet 7; gas temperatures.As a result of successive
integratlon,the integral can be represented by the infinite series

2 3 52

Trep ?fe/ Az En-F gi aazf
24 91, 2° 0”7 /‘/z
248 573 /208 977 L ¢

Infinite series (#) may be presented by the general term of
the series:
n+
;(,;/)-3}7(1) (8a)

For thls kind of series uniform convergence takes place,if tee
series Z T converges uniformly to the set 2z, and the func-
tion 2L a"T (at any z and n) forms the monotonous sequence and
at any z and n is limited

15k < K

B . the power series converge at any z (the convergence ra-
@i R=oo) /1 = 3/.

fne function T,.(C,Z)is continuous within this series integra-
tiow limits -% +%2  .Derivatives along the coordinals z 7.(%,2)
are limited as the heat flux and mean gas temperature are finte
(integral (8)).Therefore infinite series (8) is uniformly conver-
gent one,and the solution of the problem may be represented by a
few terms of the series expansion of T,

(a) One term of series expansion.

Trep= z_ / 'Z_(;-zf+73)
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Hence

A set of equations:

Alvg . 2Guln to24
AT ca?; o alble

7-2P .
(b)lwo terms of series expansion
%

rr,>=77;' EZ? g; __/1/7;P+7')~£Z.-('327-) ( 2?,7

The values ¢ (2L 25/ and £ (.__Z') are obtained from equation (3b):

-7:)-Sd¥e o7
Co G- olT

88)

+7;,) m_Vr 25 - e <7
Glz. /J dt

A0 = (i ol Ty Top 773 oL £
d'C i oAC +3Cmr 2 +Cf{gV,-(7- —73—7-£+7;p)

The set of equations is obtained:

d Toge 2o Vm ¢
f’ Yo *m _fﬁé -
AT " Cpim Vi %O (sim {rzﬁ) ch Vor (Top= i)

(6a)
AT . XF
AT Gfres V-

K75 fop o Tz G6 Zee » 75
dL' %ﬁ d';j’-f-gcfl:r’ (7;;. fee */, 7‘ )7"

(7;‘76/’ z"f) '37__ (75-7, /’)

f rep Vr (78.)

fﬁyr (7/:1 7.'7;& 7‘72-/)(10)

0/77ﬂ Va k& éZ*_
Eoae [M o27) wmm’ 72,) (11)
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d o Vir ¢/, AL )
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(c) Three terms of series expunsion

&,
7—_27.287+£<9'7 //
rep=@ 'rge dz T g Jz2 Le, (8d)

The second derivatives of the temperature are determined by equation

(3b)

2 AT )7},__ 27 CP};.Y/‘. 277

D27 " BGJE T JZ/T b sziT
Since the function7-(; 2/15 continuous,has all kinds of partial de-
rivatives (they are also continuous) and is defined within the

open vange - % + % ,the following relation is valids
27 )27
Let us denote g7/ 4 Z/xi[*/!?é/:] 7. & UL '57_;’/2.0 (77 ;;7;'/ ] Tz
Where now T, and‘Gir = /75
Subst:.tutlon of 1ntegrat10n linits (into equation (84) and simple
transformations yield

- LLF CpdrsVr AT v
/rcf:' Z“//7z;p+ 73-/"‘3‘,‘.',—@/,5, /7;1 7} 2 CJ 3 O/Z' 7’:?-’_7
: ' (’pﬁ-chr 0/7;;
+4EZ§%—£— 7/:13. I'E/

Cp 6 7T (8e)
, ions: Tz _XF -
The set of equations: ZZ‘zE-—-fﬂﬁv‘{" /7;,; rz/ (13)
‘/27;"r?’— Zé/rr eﬁ’ff y7 [48( 222 5)-Trer + e )% Crbts V[Z/z" e %4)
bl

s J)E :’Z M’J,—m” Tz ~Top - Godrs¥r Tre (13)
A7 !

Cf, [)pﬂ _ 7‘ (78.)
e : [},ﬁ_‘?yr /Mr,o 7}'[,0/" ("”'90}’/' 2/')

(6a)

re m'l/ f" p/z /
dﬂlzéfn,g;;/;‘]‘f—”w//ncp //‘(\,/

(11)

dTs _ G Y 7
T %/"”T fzzA//V tw:. /7;” %

e gl _
0/;: [:M:;, V /7(1’2!// 7,;2 N~ [-‘M?gvh / Tz - /2/; (12)
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Analogous sets of equabions may ve writcen for 4,» etc terms of
geries expansion.

gresults of electronic simulation of transint heat-transfr equa-—

tions ,The above suggested method permits to describe the transient
heat—transfer process in apparatuses with various accuracy depending
on & number of the terms of the series expansioneA larger nuuber
of terns of the series expansion suggests more accurate mathematic
description of the process.Howsver,we obtain the set of differenti-
al equations of a higher order that leads to a sharp incmase
of simulating apparatuses,The investigation of transient heat-
transfer process in a gas-cooled reactor under various external
perturbations in case of one,two and three terms of the series
expansion was carried out on the analogue computer of the type
1 wihtthe aim to choose an optimal number of terms of the
series expansion.Reactor kinetics have been described by known
equations (4) taking into account the six groups of the delayed
neutrons

dn. axB 3 a0
areg 1t MG

where
n=the neutron density
sk=the reactivity
Bi= the delayed-neutron fraction of the i-group in the total
nunber of neutrons
/L'= the decay constant of source of i-group delayed neutron
Ci = the concentration of nuclei-delayed neutron emitters
¢* =mean neutron life—time.

The effective life-time l'=10-5sec and zero temperature co-
efficient for both the fuel and the moderator of the gas-cooled
reactor were assumed.

Verification of the method proposed was carried out for
gas-cooled reactor of an atomic energy plant 50 Mwt in power
with rod-type fuel elemtns.The coolant was nitrogen.Fuel elements
composition U02+Be0,moderator was Be0O,fuel element coatings
wexre stainless;1§teel alloys.

- 8 -
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The estimabion of the accuracy of the relation T,, in
terms of inlet and outlet temperatures and their derivatives
along the coordinate z by means of various numbers of tems of
the series expansion of ’I'.,c/, at stationary and transient condi-
tions for the gas-cooled reactor of the atomic energy plant Nt=
50 Mwt was made.

The estimation of the error of the truncated series can be
made with sufficient accuracy by the first term of this series
(1),

In the steady state case the accuracy of the series expan-
sion of the relation T,, in terms of the inlet and outlet
temperatures and their derivatiwes can be estimated in tle
nominal regime.As calculations showed,two terms of the series
expansion provided sufficient accuracy in the steady-state case
(the error was 1l-3 per cent).

The transient conditions of a gas-cooled reactor Ng
50Mwt have heen stodied on the analogue computers of type MHH -1
when T., was presented in terms of inlet and outlet temperatu-
res by various number of terms of the series expansion and
by the finite differcumce method.

Analogue cu - iz MHB -1 is a block-type arrangement.Ope-
rational ampli:iers of this computer have the automatic stabi-
lization of uzstro level (the modulation-demodulation channel)
and,thus,the little outlet drift (40-60 mkv for 10 min)The
frequency responce of the amplifier is linear in inverted
regime to a frequency of 1000 c¢/sec.Constant coefficients are
given by the compensating mechod with an error of O.2 per cent.
Recording of the resulta is made on the elestronic automatic

otentiometer;the frame passes the whole scale for 1 sec.The
i.2tic error of the recorder is 0.5 per cent.

For a gas-cooled reactor on an analogue computer MHO-1
tue discontinuous and sinusoidal disturbances separate im each
parameter have been considered at various numbers of term of
the ceries expansion intpansient heat-transfer equation to de-
termine the limits of validity of this method and the regired
number of series terms.The results obtained are illustrat®d in
Fig.s 2-6.

719 -9 -
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F.g.2 shows the outlet gas temperature change of the reactor
with the discontinuous inlet gas temperature drop by 100°. Two and
three terms of the series expansion give practically the samsvalues
flask-ups of the inlet gas temperature.One term of the series ex-
pansion causes 5-fold excees of the outlet gas temperature flask-
up. with such disturbances.

Figs 4 and 3 show the change of the neutron power of the re-
actor and outlet gas temperature at discontinuous decrease of mass
gas flowrate to 6 =0.25 C 4.Flash-ups of the outlet gas temperature
T, practically coincide with two and three terms of series expansi-

‘the outlet reactor gas temperature flask-up is overextimded le4-
l.5-:fold with one term of the series expansion T,.,

Under dropping of the safety rods and constant mass-fbw rate
of a gas and inlet gas temperature of the reactor,the curves of
the transient process dor all variables (,Tu,sTs »Trp) show a good
agreenent with each other with 1,2,3 terms of the series expansion
T,pe The mean metal temperature change in this case is shown in
Fige5.Under the reactivity disturbance,the transient heat-transfer
process may be described by equation with one term of T,cpexpansion
in terms of inlet and outlet temperatures.

The following dunamic characteristics of a gas-cooled mmctor
with a complex of perturbations were studied after researching of
individual influence of the disturbances 26, 4T,, , Ak to estimate
the accuracy of representation of the transient heat-transfer
equations by one,two or three terms of the series expansion:

1.The deep change of the reactor heat power (ak=-0.005)

2, Discontinuous decrease of the mass-flow rate of a gas

4G=0.75G, .

2.Constant ulscontlnuous temperature drop by 100 %6 or 50

increase of inlet gas temperature.

Ine result or simulavion have shown that expression of T,,
in terms of Tapand T5 by one term of the series expansion under
such xomplex disturbances gives essential excess of flask-up of the
outlet reactor-gas temperabture and 1.3-1.5-fold underestimation
of ‘the duration of transient process in comparison with the real
valuese

Two terms of series expansion of T,, in terms of T2p
749
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and their derivatives along the coordinate z provide sufficient
accuracy of the solution wder reactor transient conditions (er-
ror is 3-4 per cent).

The same system with tue couplex perturbation have been
solved numerically by the finite difference method.lhe results
of this solution are the criterion of corect simulation of the
transient heat-transfer equations with various numbers of the ’D,CP
series expansion terms.Inte finite difference method,the reac-
tor fule-element length is broken into a few sections.Thellinear
temperature profile is assumed within each section.

The channel length is broken into a few sections,tle number
of which is chosen depending on the required accuracy ot the so-
lution (244,6 sections).The results of simulation have shaem that
division of the fuel element length into 4 sections provides
sufficient accuracy of the solution (error is not more than 1-
3 per cent).The points of control numerical solution by tle fini-
te difference method are plotted in Fig.6 which gives a close
agreement with the curves of the solutions for 2 and 3 terms of
the series expansion.

CONCLUSION
The proposed method of simulation of transient heat—transfer
processes in a gas-~cooled reactor on the analogue computer takes
into account parameter distribution along the reactor length
by the expression of the integral-mean gas temperature in terms
of inlet and outlet temperatures and their derivatives as
several terms of the series expansion.

The method proposed is verified with deep separate  and
simultaneous disturbances of the gas flow-rate,heat power and
inlet gas temperature.For a gas-cooled reactor of an atomic
power plant two terms of series expansion provide sufficient
accuracy of the doclution (error is not more than 3-4 per cent).

The method proposed is compared with another simulation me-
thod - the finite diffexence method- taken as a reference me
and it is shown that the methos presented is more economic than
the finite difference ane (the reactor is described by 5 diffe-
rential equations in comparison with & equations in the fhite
difference method).

This method may be used for study of dynamic characteristics
of a reaﬁgor with energy change,heating-up starting-up and reac-

- 11 =
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tor shut-down coolinge
The method may be effectively used for study of the dynamic
characteristics of a regenerator,cooler and other heat exdhangers

of nuclear power plantse.
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FIGURES

Fig.l Calculation shceme of the reactor core

Fig.2 Outlet gas temperature variation with Jump of inlet tempe-
rature by 100°C,

Fig.3. Plot of the neutron power with jump of gas-—ILlow rate by
G =0.25 G,

Fig.4 Plot of the outlet pas temperature with jump of gas-flow
rate ta G =0.25 G 0

Fig.5 Plot of the mean metal temperature with dropping ofsafety
rods (A k=-0.015).

Fig.6 Plot of the outlet gas temperature with simultaneous change
of the flow-rate and reactivity (4G =075 G,;Ak=-0,005)
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Fig. 4
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